We investigated the effects of TiO 2 nanotube substrates on the nucleation density of Cu during electrodeposition in a solution of CuSO 4 and H 2 SO 4 at 50 C compared with those of pure Ti and micro-porous TiO 2 substrates. During electrodeposition, the density of Cu nuclei on the TiO 2 nanotube substrate increased and the average size of Cu nuclei decreased with increasing anodizing voltage and time for the synthesis of the substrate. In addition, the nucleation density of Cu electrodeposits on the highly ordered TiO 2 nanotube substrate was much higher than that on pure Ti and micro-porous TiO 2 substrates.
INTRODUCTION
Ti has been widely used as a cathode material in the process of Cu electrodeposition. Ti cathode has good corrosion resistance in strong acidic bath. In addition, after the Cu electrodeposition on Ti cathode, it is easy to peel off Cu foil from Ti cathode due to the presence of thin TiO 2 layer on Ti. However, Cu foil formed on plat TiO 2 film sometimes has some defects such as a pin-hole due to the low nucleation density of Cu on the plat TiO 2 film. Accordingly, it is difficult to obtain high-quality ultra thin foil without defects.
Some researchers have used the anodized Ti substrate as a cathode to increase the nucleation density of Cu during electrodeposition. 1 2 Delplancke et al. found that the higher the pore density in the oxide film, the higher the surface density of Cu nuclei. 3 4 However, the submicroporous TiO 2 film used in the previous works has nonhomogeneous pore density and non-uniform pore size that are inadequate for the production of ultra thin Cu foil. Therefore, it is necessary to develop a new TiO 2 substrate with more homogeneous pore density and uniform pore size.
Over the past several years, TiO 2 nanotube has been extensively studied because it has a variety of functional properties for the applications in gas sensing, self-cleaning, * Author to whom correspondence should be addressed. solar cell, photo-catalysis, and template for metal filling. [5] [6] [7] [8] [9] [10] [11] [12] [13] While TiO 2 nanotube has been actively used in these applications, the TiO 2 nanotube has rarely been applied to Cu electrodeposition. The highly ordered TiO 2 nanotube structure may provide innumerable nucleation sites for electrodeposition when used as a substrate for Cu electrodeposition.
In this work, we investigated the effects of TiO 2 nanotube substrate on the density and size of Cu nuclei during electrodeposition. In addition, for comparison, we electrodeposited Cu on pure Ti and micro-porous TiO 2 substrates.
EXPERIMENTAL DETAILS
A commercially pure Ti foil 0.05 mm thick was degreased with acetone followed by rinsing with deionized water and drying. Anodizing was performed using the Ti sample with the exposure area of 1 cm 2 as a working electrode and a Pt plate as a counter electrode in a solution of 0.5 wt% NH 4 F and 1 M malonic acid by varying anodizing time from 30 min to 6 h and anodizing voltage from 5 V to 20 V. 10 Voltage were applied to the specimen using DC power supply and the corresponding current was recorded using an attached digital multimeter. All anodizing experiments were conducted at an ambient temperature (22 ± 2 C).
Then, Cu was electrodeposited on the TiO 2 substrates in a solution of 1 M CuSO 4 and 0.71 M H 2 SO 4 at 50 C.
The electrochemical cell for electrodeposition consisted of the TiO 2 nanotube substrate as a working electrode, a platinum plate as a counter electrode and a saturated calomel electrode (SCE) as a reference electrode. In addition, for comparison, we electrodeposited Cu on the pure Ti and on the micro-porous TiO 2 substrate that had been anodized at 120 V for 5 min in 1 M H 2 SO 4 solution. Microstructure of Cu electrodeposits was observed using a scanning electron microscope (SEM), and the obtained SEM image was analyzed using image analyzer software. The cathodic current density for Cu electrodeposition is proportional to the deposition rate of Cu on the substrate. Thus, we can expect that the electrodeposition of Cu is more active on the TiO 2 substrate synthesized at higher anodizing voltage. Figure 2 shows the effect of anodizing voltage (5∼20 V) for the synthesis of TiO 2 nanotube substrate on 
RESULTS AND DISCUSSION

RESEARCH ARTICLE
Ryu et al.
Effects of Highly Ordered TiO 2 Nanotube Substrates on the Nucleation of Cu Electrodeposits Figure 1 showing the higher cathodic current density for the substrate anodized at higher voltage. TiO 2 nanotube substrates, the surface density of Cu nuclei increased and the average size of Cu nuclei decreased, as shown in Figure 5 . Figure 6 shows the cathodic current density as a function of applied potential for the electrodeposition of Cu on the TiO 2 substrates anodized for 0.5∼6 h. In the graph, the slope proportional to the nucleation rate of Cu increased with increasing anodizing time. The fact that the nucleation rate of Cu increased with increasing anodizing time for the synthesis of TiO 2 nanotube substrate indicates that the nanotube substrate becomes more ordered to be suitable for the Cu nucleation with anodizing time. for 0.1 s at −300 mV SCE . Cu nucleated mainly on the mouth rather than the bottom of TiO 2 nanotube. This result confirms that current concentrates mainly on the mouth of TiO 2 nanotube and thus Cu nucleates preferentially on the mouth of nanotube. Figure 8 shows the effect of substrate type (Ti, submicroporous TiO 2 and TiO 2 nanotube substrates) on the nucleation of Cu electrodeposits. The micro-porous TiO 2 and the TiO 2 nanotube substrates were prepared by anodizing Ti at 120 V in 1 M H 2 SO 4 solution and at 20 V in a solution of 0.5 wt% NH 4 F and 1 M malonic acid, respectively. The nucleation density and uniformity of Cu electrodeposits on micro-porous TiO 2 was highly improved compared with those on Ti substrate. However, the nucleation density of Cu electrodeposits on the TiO 2 nanotube substrate was incomparably higher than that on other substrates. In specific, the number of Cu nuclei was 15 times higher and the average size of Cu nuclei was reduced to a quarter for the Cu electrodeposits formed on TiO 2 nanotube substrate compared with those for the electrodeposits on micro-porous TiO 2 substrate. As mentioned in the previous section, the mouth of TiO 2 nanotubes acts as preferential site for the Cu nucleation, and thus the highly ordered TiO 2 nanotube substrate enables the high nucleation density of Cu. Therefore, the use of the highly ordered TiO 2 nanotube substrate in Cu electrodeposition is expected to ensure the fabrication of less defective ultra thin Cu foil.
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CONCLUSION
The highly ordered TiO 2 nanotubes provided innumerable nucleation sites for Cu electrodeposits on the mouth of the nanotubes when used as a substrate in Cu electrodeposition. The nucleation density of Cu electrodeposits was largely affected by anodizing conditions such as anodizing voltage and time for the synthesis of TiO 2 nanotube substrate. The surface density of Cu nuclei increased and average size of Cu nuclei decreased with increasing the anodizing voltage from 5 V to 20 V and the anodizing time from 30 min. to 6 h. In addition, the nucleation density of Cu electrodeposits formed on highly ordered TiO 2 nanotube substrate was much higher than that on Ti and submicro-porous TiO 2 substrates.
